Abstract. The aim of the current study was to investigate whether metformin could counteract sevoflurane-induced neurotoxicity. In vitro experiments on the sevoflurane-induced nerve injury were performed using hippocampal neurons. Neuronal apoptosis was detected by an MTT assay. Protein expression levels of apoptosis-associated genes, including cleaved-caspase-3, apoptosis regulator BAX and apoptosis regulator Bcl-2 were detected by western blot analysis. The mechanism of the effect of metformin on sevoflurane-induced neuronal apoptosis was investigated using a sphingosine 1-phosphate receptor 1 (S1P1) antagonist (VPC23019) and mitogen-activated protein kinase kinase inhibitor (U0126). The current study revealed that metformin may reduce sevoflurane-induced neuronal apoptosis via activating mitogen-activated protein kinase (ERK)1/2 phosphorylation. VPC23019 and U0126 eliminated the neuroprotective effects of metformin on neuronal apoptosis, which suggests that metformin is able to protect against sevoflurane-induced neurotoxicity via activation of the S1P1-dependent ERK1/2 signaling pathway.
Introduction
In recent years, with the rapid development of surgical procedures, the proportion of patients who undergo general anesthesia has increased due to its diverse application, safety and comfort (1, 2) . With this the increase in the number of surgeries anesthetic complications, such as postoperative cognitive dysfunction, have increased annually (3) . The role of anesthetic drugs in the central nervous system has been previously investigated, especially the potential effect on the aptitude and memory of infants and children (4) (5) (6) .
Sevoflurane has been widely used due to its rapid induction, early recovery, low impact on liver and kidney function, and stable hemodynamics (7, 8) . Animal studies demonstrated that sevoflurane can inhibit the proliferation of cortical progenitor cells and promote central nervous system cortical neuron death, thereby reducing the aptitude and memory of newborn animals (9) (10) (11) . Preclinical experiments have demonstrated that the neurotoxic effect of sevoflurane on the developing brain is associated with neuronal apoptosis and subsequent cognitive dysfunction (12, 13) . Therefore, a treatment method that can counteract neuronal apoptosis may reduce sevoflurane-induced neurocognitive impairment.
In the central nervous system, sphingomyelin, especially nerve sphingomyelin, is an essential component of oligodendrocytes and the myelin sheath (9) . Sphingomyelin can be catalyzed by Phospholipase C to form ceramide, which is further catalyzed by ceramidase to form sphingosine (12) . Subsequently, sphingosine is phosphorylated by sphingosine kinases (SphK) to form sphingosine-1-phosphate (S1P) (14) . The S1P signaling pathway can stimulate neuronal growth and survival. Upregulation of S1P in cells has been shown to inhibit the apoptosis of PC12 cells due to the addition of exogenous neuraminic acid or lack of serous fluid (15, 16) . Additionally, a study revealed that the inactivation of sphingosine kinase 1/S1P signal transmission disrupted the growth and survival of neuronal cells, and damaged the development of neural progenitor cells in the sensory ganglion (17) .
Metformin has been demonstrated to be a safe and effective oral hypoglycemic agent that is widely used in the treatment of diabetes (18, 19) . Studies have demonstrated that metformin promotes the growth of newly-generated neurons in the hippocampus and improves spatial learning and memory in mice (20, 21) . In the present experimental study, the effect of metformin on sevoflurane-induced neuronal apoptosis and its potential mechanism were assessed.
Materials and methods

Preparation of hippocampal neurons.
A total of 120 male neonatal Sprague-Dawley rats (age, 18 days; weight, 40-45 g) were obtained from Beijing Vital River Laboratory Animal Technology (Beijing, China). Rats were housed in environmentally controlled conditions (21±2˚C, with a 12-h light/dark cycle and 30-40% humidity). All rats had free access to food and Metformin protects against sevoflurane-induced neuronal apoptosis through the S1P1 and ERK signaling pathways water. Rats were sacrificed by decapitation and the skin from the heads was removed. The bilateral cerebral hemispheres were separated and placed in a petri dish on ice. The cortex was isolated, and the hippocampus was exposed and removed. Hippocampal tissues were repeatedly washed 3-5 times using pre-cooled (4˚C) Hank's D solution (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The hippocampal tissues were crushed and the mixture was centrifuged at 100 x g for 5 min at 4˚C. The supernatant was discarded and the centrifugation was repeated. The supernatant was discarded and 10 µl membrane protease (Tiangen Biotech Co., Ltd., Beijing, China) was added to digest the hippocampal tissue for 15-20 min. The mixture was agitated once every 5 min. Dulbecco's modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS; both Gibco; Thermo Fisher Scientific, Inc.) was added to terminate the digestion. The cells were filtered through a 200-mesh copper filter screen. The filtered cells were collected and centrifuged at 100 x g for 5 min at 4˚C. The supernatant was discarded and the single-cell suspension was prepared by mixing with DMEM. The single-cell suspension was transferred to a culture flask with DMEM and maintained at 37˚C in a 5% CO 2 -humidified incubator, allowing for differential adhesion. Following 1-h incubation, non-adherent neuronal cells were subsequently harvested and the adherent glial cells were isolated. Three independent repeats were performed for each experiment in the current study. The present study was approved by the Animal Ethics Committee of Yan'an University Animal Center (Yan'an, China; approval no. 20170125).
Hippocampal neuron treatment.
Hippocampal neurons at logarithmic growth stage were collected and seeded into 96-well plates at a density of 1x10 4 cells/well and cultured for 24 h. Cells were subsequently incubated at 37˚C with DMEM containing metformin (10 mmol/l; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), VPC23019 (0.5 µmol/l; Sigma-Aldrich; Merck KGaA) and/or U0126 (5 µmol/l; Sigma-Aldrich; Merck KGaA) for 24 h. Five independent repeats were performed for each experiment in the current study.
Exposure of cultured hippocampal neurons to anesthetics.
The anesthetic exposure box, a sealed, transparent toughened glass box, was constructed in-house. An appropriate amount of soda lime (~100 g; Highgreen Medical Technology, Co., Ltd., Weihai, China) was placed at the bottom of the glass box. The lateral aperture on each side of the box was connected by threaded pipe to the anesthesia machine (Dräger Fabius ® GS premium (Drägerwerk AG & Co., KGaA. Lübeck, Germany). The threaded pipe was connected to a gas monitor (FI8000; Shenzhen Yice Medical Test Co., Ltd., Shenzhen, China), so that the sevoflurane concentration could be monitored. The primary hippocampal neurons were seeded into 24-well plates pre-coated with Matrigel basement membrane at a density of 1x10 6 cells/well. Cells were cultured in Neurobasal medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 2% B27 and 1% N 2 and maintained at maintained at 37˚C in a 5% CO 2 -humidified incubator. The primary rat hippocampal neurons were exposed to sevoflurane for 3, 6, 9 and 12 h. The number of viable cells at each time point was analyzed using an MTT assay.
The MTT assay. Cells in the logarithmic grow phase were collected and seeded into the 96-well flat-bottomed plates at a density of 1x10 4 cells per well. Cells were maintained in a 5% CO 2 incubator at 37˚C until the bottom of the wells were covered with a cell monolayer. Following treatment with metformin (10 mmol/l), VPC23019 (0.5 µmol/l) and/or U0126 (5 µmol/l), the cells were cultured for a further 16-48 h and 20 µl MTT solution (5 mg/ml) was added to each well and incubated for 4 h. DMSO (150 µl) was added to each well and the plates were placed on a rocking bed for 10 min at a low speed to dissolve the crystals. The absorbance value of each well was measured at a wavelength of 490 nm using an enzyme-linked immunodetector. The apoptosis rate was calculated using the following: Apoptosis rate=1-cell viability.
Lysis of cultured neurons for extraction of total protein.
The culture medium of the hippocampal neurons was removed, PBS was added to each well and the plate was cooled to 4˚C. The plate was gently agitated to perform cell washing. Following the removal of the PBS, the plate was placed on ice for temporary storage. Radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology, Haimen, China) was added to each well, and samples were lysed continuously on an ice bed and agitated every 3-5 min for a total of 30 min. The lysed cells were transferred to one side of the culture well with a small scraper, and a pipette was used to transfer the lysate and cell debris to the centrifuge tube. The cell mixture was centrifuged at 1,300 x g for 5 min at 4˚C and the supernatant was stored at -20˚C for future use.
Western blot analysis. Following lysis and protein extraction, total protein was quantified using a bicinchoninic acid assay and 50 µg protein/lane was separated via SDS-PAGE on a 10% gel. The separated proteins were subsequently transferred onto polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA) and blocked for 1 h at room temperature with 5% non-fat milk powder. The membranes ere incubated with primary antibodies against caspase-3 (1:1,000; cat. no. ab13847), Bax (1:1,000; cat. no. ab3250), Bcl2 (1:1,000; cat. no. ab196495), p-ERK (1:1,000; cat. no. ab201015), ERK (1:1,000; cat. no. ab79853) and b-actin (1:1,000; cat. no ab8226; all Abcam, Cambridge, MA, USA) overnight at 4˚C. The membranes were washed three times for 5 min with Tris-buffered saline with Tween ® 20 (TBST; Sigma-Aldrich; Merck KGaA). Following the primary incubation, membranes were incubated with fluorescently labeled goat anti-rabbit IgG secondary antibody (1:10,000; ab150077; Abcam, Cambridge, MA, USA) for 1 h at 37˚C. The membranes were washed with TBST for 10 min three times, then with PBS for 5 min. Protein bands were visualized using an ECL reagent (cat. no. P0019; Beyotime Institute of Biotechnology) using the Odyssey far-infrared fluorescence scanning imaging system (LI-COR Biosciences, Lincoln, NE, USA). Protein expression was quantified using Image J software (version 1.38; National Institutes of Health, Bethesda, MD, USA).
Statistical processing. SPSS19.0 statistical software package (IBM Corp., Armonk, NY, USA) was used for data analysis. Comparisons between multiple groups were performed using one-way analysis of variance followed by a post hoc test (Fisher's Least Significant Difference). A Chi-squared test was used to analyze the classification data. P<0.05 was considered to indicate a statistically significant difference between groups.
Results
Sevoflurane increases neuronal apoptosis. Neurons exposed to sevoflurane for 3, 6, 9 and 12 h were assessed with a MTT assay to evaluate their apoptotic rate. The results demonstrated that sevoflurane-induced neuronal apoptosis was significantly increased in what appeared to be a time-dependent manner when compared with that of the control group (Fig. 1) . The apoptotic rate after sevoflurane treatment for 3, 6, 9 and 12 h was 12.4±0.6, 25.5±2.3, 29.8±2.6 and 32.2±3.8%, respectively. No significant changes in the apoptotic rate were identified in the control group after neurons were treated with culture medium without sevoflurane for 9 h.
Metformin reduces the apoptosis rate and pro-apoptosis proteins of sevoflurane-treated cells.
In order to verify the protective effect of metformin on sevoflurane-induced neuronal apoptosis, different concentrations of metformin (2.5, 5, 10 and 20 mM) were incubated with neurons that were previously exposed to 3% sevoflurane (Fig. 2) . The results revealed that 5 mM metformin could effectively protect neurons from the pro-apoptotic effects of sevoflurane by significantly decreasing the apoptotic rate compared with control cells (Fig. 2A) . Metformin appeared to have a dose-dependent protective effect on sevoflurane-induced neuronal apoptosis. Western blotting results also revealed that the protein expression levels of cleaved-caspase-3 and apoptosis regulator BAX (Bax) significantly decreased, and apoptosis regulator Bcl-2 (Bcl2) significantly increased in neurons treated with sevoflurane and 10 mM metformin compared with sevoflurane-treated cells (Fig. 2B-E) .
Sphingosine 1-phosphate receptor 1 (S1P1) antagonism increases the apoptosis rate and pro-apoptosis proteins of sevoflurane-and metformin-treated cells in vitro.
S1P1 is associated with signal transduction that promotes cell survival functions in neurons (15) , thus the authors of the current study speculated that metformin exerted its anti-apoptosis effect on neurons via S1P1. Sevoflurane-and metformin-treated cells incubated with VPC23019, a selective S1P1 antagonist, significantly increased the apoptosis rate compared with sevoflurane-and metformin-treated cells (Fig. 3A) . VPC23019 also significantly increased the protein expression levels of cleaved-caspase-3 and Bax, and significantly decreased Bcl2 compared with sevoflurane-and metformin-treated cells (Fig. 3B-E) . These results indicate that metformin could reduce sevoflurane-induced neuronal apoptosis through binding to S1P1.
Metformin prevents neuronal apoptosis by phosphorylation of mitogen-activated protein kinase (ERK)1/2.
Studies have suggested that S1P1 activation promotes cell survival functions associated with ERK1/2 (22, 23) . The current study examined whether metformin could exert anti-apoptotic effects through the activation of ERK1/2. To clarify the role of ERK1/2 in metformin neuroprotection, metformin and U0126, a mitogen-activated protein kinase kinase (MEK) inhibitor, were used to examine sevoflurane-treated neurons. The anti-apoptotic effect of metformin was eliminated by U0126. U0126 significantly increased the apoptosis rate, and cleaved-caspase-3 and Bax protein expression levels, and significantly decreased Bcl2 compared with sevoflurane-and metformin-treated cells (Fig. 3) .
When the cultured neurons were exposed to sevoflurane, phosphorylated (p-)ERK1/2 protein levels were significantly decreased compared with that of the control group (Fig. 4) . However, the level of p-ERK1/2 protein expression in neurons treated with both sevoflurane and metformin was significantly increased compared with cells treated with sevoflurane only. VPC23019 incubation significantly decreased p-ERK1/2 in sevoflurane-and metformin-treated cells compared with those without VPC23019. Since VPC23019-treated neurons could counteract the metformin-induced increase in p-ERK1/2 levels, it could be further demonstrated that metformin activated ERK1/2 signal transduction by binding to S1P1. These data indicate that metformin protected neurons against sevoflurane-induced apoptosis through the activation of the S1P1-dependent ERK1/2 signaling pathway.
Discussion
Sevoflurane is a commonly used inhaled anesthetic gas (7, 8) . It remains controversial whether the use of sevoflurane for anesthesia negatively affects the nervous system (10). A number of preclinical studies have revealed that general inhaled anesthetics, such as sevoflurane, can induce the apoptosis of a wide range of cerebral neurons, resulting in specific long-term cognitive and memory impairments (24, 25) . A number of studies have demonstrated that sevoflurane application not only causes neurotoxicity in normal people, but also leads to neurological damage and neuronal apoptosis in patients with Alzheimer's disease (26, 27) . Its mechanism of action may be achieved through a variety of signal transduction pathways, including nuclear factor NF-κ-B and S1P (16, 28) .
In the present study, significant hippocampal neuronal apoptosis was induced by 3% sevoflurane treatment for 3 h and it induced neuronal apoptosis in what appeared to be a time-dependent manner. Metformin was first clinically used as a hypoglycemic agent (18, 19) . Subsequent studies demonstrated that metformin had different effects on various tissues and systems (29, 30) . Metformin was revealed to prevent the sevoflurane-induced apoptosis of neurons, which was reversed by a specific S1P1 antagonist (31) . However, the mechanism by which metformin produces this protective effect on the nervous system remains unclear. Currently, it is hypothesized that metformin can reduce neuronal apoptosis, and protect against lymphocyte aggregation, inflammatory responses and blood vessel dysfunction (32) (33) (34) .
Previous studies have determined that the S1P signaling pathway can stimulate neuronal growth and survival. It has been reported that S1P can promote the survival of PC12 cells and cultured midbrain neurons (16, 35) .
Studies have suggested that the downregulation of ERK is correlated with anesthetics-induced neuronal apoptosis (36, 37) . The current study demonstrated that p-ERK1/2 levels significantly decreased in the sevoflurane-exposed group when compared with that of the control group. However, p-ERK1/2 levels in sevoflurane-and metformin-treated neurons were almost normal. VPC23019 treatment decreased the metformin-induced increase in p-ERK1/2 levels, therefore metformin may activate ERK1/2 signal transduction by binding to S1P1. Additionally, the anti-apoptotic effect of metformin was eliminated by U0126, indicating that metformin protected neurons from sevoflurane-induced apoptosis via activating the S1P1-dependent ERK1/2 signaling pathway.
The present study indicated that the ERK1/2 signal transduction pathway serves an important role in anesthetics-induced neuronal apoptosis. Maintaining the level of p-ERK1/2 during anesthesia helps to maintain the viability of neurons (38) . The results of the current study also indicated that metformin regulated sevoflurane-induced neuronal apoptosis through the regulation of Bcl-2 and Bax. Metformin was demonstrated to protect neurons against sevoflurane-induced apoptosis through the activation of the S1P1-dependent ERK1/2 signaling pathway. The present study demonstrated that metformin is able to protect against sevoflurane-induced neurotoxicity possibly through activation of the S1P1-dependent ERK1/2 signaling pathway. 
